We report the development and the pre-clinical testing of a new technology based on optical coherence tomography (OCT) for investigating tissue composition at the tip of the core biopsy needle. While ultrasound, computed tomography, and magnetic resonance imaging are routinely used to guide needle placement within a tumor, they still do not provide the resolution needed to investigate tissue cellularity (ratio between viable tumor and benign stroma) at the needle tip prior to taking a biopsy core. High resolution OCT imaging, however, can be used to investigate tissue morphology at the micron scale, and thus to determine if the biopsy core would likely have the expected composition. Therefore, we implemented this capability within a custom-made biopsy gun and evaluated its capability for a correct estimation of tumor tissue cellularity. A pilot study on a rabbit model of soft tissue cancer has shown the capability of this technique to provide correct evaluation of tumor tissue cellularity in over 85% of the cases. These initial results indicate the potential benefit of the OCT-based approach for improving the success of the core biopsy procedures.
Introduction
Percutaneous biopsy has become established as a safe and effective procedure for cancer diagnosis and therefore has been applied in most organ systems with excellent results and few complications [1] . The key to the success of the biopsy procedure is the use of an imaging guidance modality, such as ultrasound, stereotactic computed tomography (CT), or magnetic resonance imaging (MRI) to enable safe passage of the biopsy needle into an organ, to obtain tissue from lesions of concern for cytological or histological examination [2] [3] [4] . There are three established percutaneous needle biopsy methods: fine needle aspiration biopsy, which produces aspirates of cells and body fluids, core needle biopsy, which provides tissue cores that can be used for histological analysis, and vacuum assisted core needle biopsy, which removes more tissue through a single incision than is possible with a traditional core biopsy and is still much less invasive than open surgical biopsy [5] .
Core needle biopsy (CNB) is the most commonly used biopsy method for obtaining adequate material for cancer biomarkers analysis. CNB uses a hollow-core needle, ranging in size from 20 gauge to 11 gauge (ID of 0.6 mm to 2.39 mm), to remove one or more cylindrical cores of tissue. The clinician aims the needle using imaging guidance to localize the target lesion. Unfortunately, even when performing the biopsy under imaging guidance, physicians often struggle in sampling enough representative biological material due to heterogeneity in tumor cellularity [6, 7] . Cellularity is defined here as a ratio between the viable tumor tissue and benign/stroma constituents. This is even more problematic in patients who had previous surgery or radiotherapy, where scar and/or necrotic tissue is admixed with the viable tumor tissue [8, 9] . As a result, CNB sensitivity/specificity varies within a wide range (70% to 95%) due to inadequate yield of viable tumor tissue within the biopsy sample [10, 11] .
In recent years the definition for biopsy success has evolved beyond the basic histologic diagnosis. Now, in the era of personalized cancer therapy, additional tissue quantity above and beyond the amount necessary for basic histological diagnosis is essential for molecular testing and biomarker assays [12] . Thus, assessing tissue cellularity during the biopsy is important for improving the accuracy and the amount of viable tumor tissue obtained through the percutaneous sampling. Consequently, techniques that would provide very reliable assessment of tissue morphology or biochemical composition at the cellular scale, at the time of sampling, are essential to reliably obtain adequate amounts of viable tumor tissue for ancillary testing.
Work performed by several groups has demonstrated that various optical technologies based on either spectroscopy or optical imaging can be used to improve biopsy sampling adequacy [13] [14] [15] [16] . Among these technologies, optical coherence tomography (OCT) showed the highest promise in evaluating tissue cellularity: the OCT tissue reflectivity profile can be analyzed in real-time to retrieve tissue type and differentiate between healthy and tumor tissue [16] [17] [18] . Furthermore, since OCT can be fiberoptic implemented, minimally invasive fiberoptic-based OCT catheters can be used to assess microstructure of the interstitial tissue at the micron scale and determine its cellularity.
This paper presents the design and the pre-clinical evaluation of a novel OCT-based approach for core needle biopsy guidance. The OCT imaging probe is incorporated within a custom-made biopsy gun. The biopsy gun also incorporates a low cost/slow speed scanning OCT engine, which allows for the OCT probe to be scanned within the bore of the biopsy needle to assess tissue composition at the needle tip before taking a biopsy core. The acquisition of the two-dimensional high resolution OCT images is based on the signal provided by a linear encoder that continuously monitors the movement of the probe OCT relative to the tissue entrance point. The potential of this approach for improving biopsy success rate has been evaluated. The preliminary testing of this technology on rabbits with soft tissue tumors has shown the capability of the OCT-based approach for correctly determining tissue cellularity in vivo at the tip of the biopsy needle in over 85% of the cases. Therefore, we believe that this technology has the potential to improve the success rate of the core biopsy procedures.
Materials and methods

Instrumentation unit
A custom-made OCT instrument was used for this study (see simplified schematic in Fig. 1 ). The instrument is based on a spectral-domain (SD) data acquisition scheme, which was modified to enable data collection only when a trigger signal is received from a linear encoder (Model MTE-4, MicroE Systems, Bedford, MA) that senses the movement of the OCT probe. The encoder is attached to the OCT probe main body, while an engraved scale is attached to a lever that controls the OCT catheter. The movement of the OCT probe is provided by a fairly inexpensive linear motor (Model L12-I, Actuonics Motion Devices, Inc.), which provides an axial scanning range of 20 mm.
The OCT system is based on a fiber optic (FO) interferometer, which contains a 10/90 splitter and a circulator, which maximizes light collection from the sample. A superluminescent diode with 1310 nm central wavelength, 10 mW power, and about 100 nm 3dB bandwidth is used as a light source. This light source provides a theoretical axial resolution of about 7.5 μm (in air). The collection of the OCT fringes occurs only when the linear encoder senses an incremental movement of the OCT probe. This encoder has a resolution of 5 μm. Since most of the OCT probes usually provide a beam diameter larger than 5 μm, which is also dependent on the focal distance, the resolution provided by this encoder enables oversampling in the scanning direction, and thus improvement of the overall quality of the OCT image.
Imaging/biopsy probe
A hand-held probe, which provides both biopsy guidance and collection of the biopsy specimen, was designed, fabricated, and used in our study (see SolidWorks design in Fig.  2(A) ). A lever, attached to a linear motor, holds the OCT catheter, as well as the encoder scale. When the OCT probe is actuated by the linear motor, the encoder senses the movement of the OCT probe and generates a trigger pulse for each 5 microns incremental movement of the OCT probe. These pulses trigger the acquisition of the OCT signal. A modified biopsy needle, 18Ga in size, is used with this probe. The stylet of the needle was replaced with a custom-made one, which allows the insertion of the OCT catheter through its lumen. However, the cutting cannula has the same design with that of a typical biopsy needle (see Fig. 2(B) ). The spring-loaded cannula is first retracted by pulling the green-colored arm of the biopsy probe, before inserting the biopsy needle within the tissue through the guidance needle. When the interventional radiologist determines, based on OCT feedback, that the tissue at the tip of the needle is appropriate for biopsy, releases the springloaded cannula by pressing the side button on the biopsy gun. The cannula cuts the tissue around the needle and collects a tissue core within the notch of the needle (see approach in Fig. 2(C) ). The OCT catheter is retracted before releasing the cannula to allow for tissue entrance within the notch. The collected tissue is then used for histopathological and genetic analysis. In case the clinician determines that the tissue at the needle tip is not adequate for biopsy (e.q., has high necrotic or fat content), he/she repositions the biopsy needle within a different location of the tumor and starts over the examination of tissue cellularity with OCT. All these steps are performed under ultrasound or CT guidance, such that the position of the needle tip within the tumor is visualized at all times.
The design of the OCT catheter probe is shown in Fig. 3(A) . A coreless fiber is fused to a single mode fiber to allow the beam exiting the fiber core to expand and fill up the entire aperture of the lens. The lens is formed by melting the end of the fused fiber, and thus generating a ball. The ball is then polished at 45 deg. to the half of its size and gold coated by vacuum deposition on the flat surface, so that it laterally deflects the beam. The size of the ball lens and the length of the coreless fibers dictate the working distance (WD)/focusing capability of the OCT catheter. In our experiment we used a probe with 1 mm WD, a spot size of 25 um in the focus, and a Rayleygh range of approximately 600 um. The fiber probe is encapsulated within a nitinol tube with 430 um ID and 640 um OD. This tube protects the fiber and provides the mechanical strength needed to allow for probe axial scanning through the bore of the custom-made biopsy needle. Photographs of the probe tip (fiber polished lens and encapsulation), as well the beam shape in the focus (at approximately 1mm away from the lens surface) are shown in Fig. 3(B) . Photographs of the hand-held biopsy/imaging probe and custom-made biopsy needle are shown in Fig. 4 . The probes weights only 0.5 lb and is easy to manipulate. The OCT scanning is performed only when pressing the button from the handle, enabling the clinician with full control to the probe during the biopsy process. 
Data processing
The collected data are automatically analyzed by a software algorithm which determines tissue cellularity at the needle tip and conveys it to the radiologist in a simple format (bar graph), showing the percentage of viable tumor, necrotic tissue, and normal tissue. The processing scheme, presented in detail elsewhere [16] analyzes each reflectivity profile (Axial-line) from the OCT frames and derives a set of four parameters based on the slope of the reflectivity profile, the standard deviation of the reflectivity profile around the linear fit, and two Fourier components derived from the power spectrum (the mean distance of the frequency peaks and the standard deviation of the peak distance). The calculated parameters are compared with the mean values of these parameters previously calculated from training sets of heterogeneous tumor, normal tissue (muscle in this case), and homogeneous tumor tissues. The mean values i x of each parameter is a column vector made of the four means. Covariance matrices are also calculated for each tissue type accounting for all four parameters:
where n i is the number of elements in each tissue class within the training set, and the superscript T indicates matrix-transpose.
For each sample to be diagnosed, the mean values and the covariant matrices are used to calculate a quadratic discrimination score:
where |.| indicates the matrix determinant,
− is the inverse matrix of S i , and x is the column vector made of the four calculated parameters for that sample. Three quadratic discrimination scores are obtained for each pixel corresponding to the three tissue classes and the maximum score is selected to assign each pixel of the image to the correct tissue type. The quadratic discrimination score is the logarithm of the probability of a tissue type presence.
Animal model and data collection
A VX2 rabbit tumor model was used in this study. Solid tumors were harvested from a donor animal. While physically restraining the donor rabbit for no longer than 1 min, 0.3 to 0.5 ml of freshly thawed or freshly harvested VX2 tumor fragments (approximately 3-4 mm 3 ) were injected intramuscularly at a single site in both thighs through an 18 gauge needle attached to a 1-ml syringe. One week after tumor cells inoculation the tumor started to grow and a diameter of approximately 1.5 cm was reached in three weeks. The rabbits with palpable tumors (14 out of the 14 inoculated with tumor cells) were used in this study. Before biopsy, they were anesthetized with isofluorine and ultrasound imaging was first performed to localize the tumor and properly place a 16Ga biopsy guidance needle within the tumor under ultrasound guidance.
The OCT data were collected using the ultrasound guidance procedure illustrated in Fig.  5 : the tumor was first located with ultrasound (see Fig. 5(B) ) and then a biopsy guidance needle (16 Ga) was inserted within the tumor while its advancement through the tumor was localized with ultrasound. Then, the 18 Ga needle of the biopsy gun was inserted within the tumor through the guidance needle and OCT scans at several radial positions were collected (see an example of an OCT scan in Fig. 5(C) ). After performing OCT imaging, a biopsy core was collected from each measurement location. The procedure was repeated for two to three tumor locations on both thighs. At the end of the procedure the animals were sacrificed. 
Results and discussion
A total of 62 biopsies and correlated OCT measurements were performed in 14 rabbits. Each rabbit had tumors in both thighs and at least 2 biopsies were performed in each thigh. The biopsy specimens and the corresponding OCT data were separated in two sets: 22 were used for the tissue differentiation algorithm training set and the 40 for the OCT tissue-type discrimination validation set.
The training set biopsy specimens were selected by the histopathologist from the biopsy cores that clearly showed one of the three tissue types: homogeneous tumor, normal tissue (muscle), and heterogeneous tissue (tumor admixed with stroma and necrotic tissue).
The algorithm was optimized to obtain over 90% accuracy in correctly diagnosing tissue type when retrospectively applied to the training set.
After optimization, the algorithm was applied to the 40 biopsy locations assigned to the validation study. The 40 collected biopsy cores were separately analyzed by two pathologists and a histology score was assigned to each specimen, as follows: grade 4, meaning that in average, the histology slides (3 to 4 slides/biopsy specimen) showed over 50% presence of tumor cells over the entire slide, grade 3, with 20 to 50% presence of the tumor cells, grade 2, with 10 to 20% presence of tumor cells, and grade 1, with less than 10% presence of tumor cells. Furthermore, the heterogeneity of biopsy cores was analyzed. Less than 20% presence of necrotic cells or of myocytes (muscle cells) over the entire slide was considered as a minor (tolerable) heterogeneity, 20 to 50% presence of such cells was considered moderate heterogeneity which should be avoided as much as possible when performing biopsy, while over 50% presence was considered major heterogeneity, which should be totally avoided.
The capability of the OCT algorithm to correctly estimate the heterogeneity of the tumor was assessed. Algorithm findings were accurate in 34 cases (85% of the total cases), meaning that the percentage of a certain type of tissue found by the algorithm was in agreement with histology results, while in the remaining 6 cases there was some degree of disagreement. The OCT results did not correlate well with histology in the cases where the heterogeneities were very small and non-focal, meaning that the necrotic cells were randomly dispersed over the slide area, but still had over 10% presence. This case is illustrated in Fig. 6 . The collected biopsy core is shown in Fig. 6(A) , while a small area of a histology slide taken along biopsy core length (the middle section of the specimen) is shown in Fig. 6(B) . The histology shows relatively large islands of a malignant tumor (see yellow arrow) surrounded by stroma (see green arrow). The OCT image from Fig. 6(C) shows relatively uniform decrease of the OCT signal intensity with depth over the entire length of the OCT scan (~10 mm), indicating the presence of densely packed tumor cells within the tumor islands, as well as a few areas with slightly lower signal intensity, which may be attributed to the large stromal areas, which include connective tissue, blood vessels, and, very often, inflammatory cells [19] , contributing to the OCT signal loss. The tissue differentiation algorithm showed over 80% presence of homogeneous tumor across the scan and less than 20% heterogeneity (see Fig. 6(D) ). These findings were in good agreement with histology findings (see Fig. 6(E) ), which indicated a grade 4 tumor with minor heterogeneities. This is a clear case of a successful biopsy with a core that has a high percentage of viable tumor tissue.
Case 2: Biopsy core of a tumor with highly heterogeneous content
This case is illustrated in Fig. 7 . The collected biopsy core is shown in Fig. 7(A) , while a histology slide taken along the specimen is shown in Fig. 7(B) . The histology shows areas with viable tumor (see yellow arrow on the left side of the image), as well as poorly differentiated malignant tumor associated with extensive areas of necrosis (see black arrow area) and some small areas of benign stromal tissue admixed with the invasive tumor (see green arrow).
The OCT image (C) shows multiple areas with reduced OCT intensity caused by the high absorption in the accumulated body fluids, which are specific to the liquefactive necrosis in the limbs [20] . The OCT algorithm findings (D) are in agreement with histology findings (E): biopsy core with over 50% necrotic content, small areas of viable cancer cells (less than 40% frequency), and some stromal tissue. This is a clear case of a biopsy core that could be avoided by using OCT imaging feedback. This case is illustrated in Fig. 8 . The collected biopsy core is shown in Fig. 8(A) , while a histology slide taken along the specimen is shown in Fig. 8(B) . The histology shows a poorly differentiated viable tumor over a large area of the histology slide (see yellow arrow areas), as well as a relatively large area (see blue arrow) of skeletal muscle tissue and some small areas of stroma (see green arrow).
The left side of the OCT image (C) shows relatively small penetration depth due to the high scattering of the densely packed tumor cells [21] , as well as some heterogeneities that can be explained by the admixed stromal tissue, while the right side of the OCT image shows well defined muscle bundles like structures. The OCT algorithm findings (D) are in agreement with histology findings (E): biopsy core with less than 50% cancer cells presence (grade 3 tumor), approximately 10% heterogeneities, and over 30% presence of muscle tissue. This is a clear case of needle misplacement (needle tip outside of the tumor capsule), which could be avoided by using OCT guidance. 
Conclusions
In summary, we demonstrated an OCT-based technology for assessing tissue cellularity at the tip of the biopsy needle during the biopsy, when greatly needed. An overall 85% accuracy in differentiating between three tissue types (homogeneous tumor, heterogeneous tissue, and normal muscle tissue) was achieved. The algorithm for tissue differentiation was based on the analysis of OCT A-line metrics, such as slope, variance, the mean frequency of the Fourier peaks and their standard deviation.
The presence of the heterogeneous tumor regions with moderate to advanced stages of necrosis has been successfully detected in all cases, as it was confirmed by histopathology results. However, the detection of areas with an early stage of necrosis was somewhat more challenging, and as a result the correlation with histology was not very strong in six cases. Heterogeneities were detected, but the heterogeneity percentage was underestimated. Unlike the case of liquefactive necrosis, which induces easily measurable changes within the slope and variance of the OCT reflectivity profile, much smaller fluid accumulations are present in the case of early necrosis, resulting in much smaller changes within the OCT reflectivity profiles. The differentiation between the viable cancer regions and regions with viable cancer cells surrounded by a few necrotic cells is harder to make. Perhaps, a higher lateral resolution probe might improve the results by detecting the differences between the scattering characteristics of these areas.
Unfortunately, in this preliminary implementation of the technology, the lateral resolution has been affected by the direct contact of the probe distal end with the tissue, which has reduced the effective optical power of the microlens. To address this problem, a solution for encapsulating probe distal end lens will be adopted in the near future. Furthermore, a larger bandwidth light source will be used to increase OCT axial resolution, while solutions for further improving the accuracy of the tissue differentiation will be researched.
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